The spatio-temporal evolution of a magnetically driven arc in a rail plasma flow actuator has been characterized with high-speed imaging, electrical measurements, and spectroscopy. The arc draws a peak current of ~1 kA. High-speed framing cameras were used to observe the complex arc propagation phenomenon. In particular, the anode and cathode roots were observed to have different modes of transit, which resulted in distinct types of electrode degradation on the anode and cathode surfaces. Observations of the arc electrical properties and induced magnetic fields are used to explain the transit mechanism of the arc. Emission spectroscopy revealed the arc temperature and species composition as a function of transit distance of the arc. The results obtained offer significant insights into the electromagnetic properties of the arc-rail system as well as arc-surface interaction phenomena in a propagating arc.
Introduction
Magnetically driven arcs are encountered in a variety of engineering applications, including as chemical reactors for gas stream processing [1] , arc flow control devices [2] , plasma armature railguns [3] , and circuit breakers [4] . The arcs generated in these devices move over extended electrode surfaces through Lorentz forcing resulting from interaction between the naturally induced magnetic field and the electrical current passing through the arc.
Study of the structure and motion of magnetically driven arcs illustrates a rich variety of features. For example, the arc maintains a 'single arc mode' with a single coherent arc column at low currents, but can transition to a 'distributed arc mode' at high currents, especially if the arc is confined within close gap dielectric walls. In this distributed arc mode, multiple arc columns form simultaneously as a result of restrike phenomena, where hot gas and ablated wall or electrode material in the vicinity of a primary moving arc column alter conditions enough to produce an additional local breakdown [5, 6] . Other arc motion modes may be characterized by whether arc roots move smoothly over the electrode surface or in distinct jumps with 'anchored' pauses [7] .
When driven magnetically, the forward movement of the arc is facilitated by a distortion of the arc column in the direction of the Lorentz forces. As the column is pushed forward by the Lorentz force, the arc roots are either dragged along behind, or the column forms a new root ahead of the old roots [4, 8] . Arc roots tend to propagate by a discontinuous motion on the anode side, switching between moving and anchored modes, but tend to stay in a smooth continuous movement mode on the cathode side [9, 10] . The anchoring of the arc has been shown to be a strong function of electrode material, with more easily evaporated materials producing longer anchoring times [11] . These modes also play a major role on damage imparted to the electrode surface, with crater/spot damage on the electrode surface at the location where the arc root anchors to the surface [10] .
The arc-heating of the gas produces large dilatational (volumetric expansion) effects that can have an impact on the arc structure and its motion [12] [13] [14] . For example, natural convection effects can be destabilizing for an arc and cause arc column motion. Hot expanding gases can also push the arc away from the wall surface, distorting the column structure [4] .
Recently, our group proposed a novel atmospheric pressure aerodynamic plasma flow actuator device capable of large induced flow velocities of ~10's m s −1 [2] using a magnetically driven arc discharge. The device (called a Rail Plasma Actuator or 'RailPAc') uses extended rail electrodes over which the arc is set in motion through Lorentz forcing, which in turn induces flow in the surrounding air. The structure and dynamics of arc motion in the RailPAc device is the subject of this study.
Experimental setup
The experimental setup for the study of driven arc phenomena in an experimental RailPAc device is shown in figure 1. RailPAc operation was described in detail in our previous paper [2] . A summary of the RailPAc operation is presented below.
To begin, an arc is initiated at one end (the breech end shown in figure 1 ) of a pair of parallel long flat electrodes (rails) that are mounted on a dieletric surface. The arc is powered by a pulse forming network (PFN) connected at the breech end of one of the rails. The other rail is grounded, also at the breech end. A current loop is formed by its path through the lead wire into the powered rail, across the arc to the ground rail, and then out through the other lead wire. This current loop induces a magnetic field in the plane perpendicular to the rail electrodes. The sense of this field is such that the Lorentz (J × B) force acting on the arc column pushes the arc along the length of the rails in the direction opposite to the connection with the PFN. While the principle of Lorentz forcing is common to all magnetically driven arcs, the novelty of the RailPAc device is its use of the arc motion to induce velocity in the surrounding air, resulting in an effective low-speed, atmospheric pressure aerodynamic flow actuator [2] .
In the experiments discussed in this paper, the rails are made of copper and measure 152 mm long, 13 mm wide, and 0.6 mm thick. The thickness of the electrodes has limited effect on the transit of the arc since only the top surface of the electrode is exposed to air. The thickness used here was chosen to minize the invasion into any structure on which the RailPAc is mounted while also maintaining low electrical resistance and mitigating flexure due to Lorentz forcing. The electrodes are flush mounted on a Macor ceramic plate and are spaced 13 mm apart. The arc is initiated with an aluminum-copper alloy fuse wire placed 25 mm from the breech end of the rails. The location of the initiation wire and the rail length limits the maximum transit distance (L) to 127 mm. Following railgun convention, this paper will refer to the lead wire attachment side of the rails as the 'breech', and the opposite end of the rails as the 'muzzle' [21] . A fuse wire was used for initiation purposes to maximize reproducibility since the high voltage initiation used in [2] does not always initiate the arc in the same place on the rails. The RailPAc prototype was powered by the pulse forming network indicated in figure 2. The network consists of a capacitor bank, inductor, and a silicon controlled rectifier (SCR), and provides a ~5 ms half pulse of current based on the LC time constant of the network. The capacitor bank is comprised of six electrolytic capacitors (Sprague Powerlytic 36DX) set up in parallel with a total capacitance of 21 mF. The bank is charged with a Xantrex XHR 600 DC power supply and discharged when a trigger voltage is supplied to the SCR. After the trigger voltage is applied, a large current from the capacitor vaporizes the fuse wire and subsequently forms an electrical arc across the rails.
Electrical measurements
Electrical measurements were conducted to determine the transient arc current I, capacitor bank voltage V cap , and breech voltage V breech during the arc transit. The arc current was measured with a Rogowski coil on the ground side of the SCR by numerically integrating its signal in time. A P5205 differential voltage probe was connected to the lead wire attachment points at the breech end of the rails to measure breech voltage, and another was attached to the capacitor bank terminals to monitor the capacitor bank voltage. The signals from each measurement device were acquired with Tektronix TDS 3014B oscilloscopes at a sampling frequency of 500 kHz.
High-speed imaging
Three high-speed cameras were placed along three mutually orthogonal directions to characterize the arc shape in three A schematic of the RailPAc experimental system. The pulse forming network brings both the anode and cathode rails to positive potential and then the SCR switch drops the cathode rail to ground. This draws current through the fuse wire, which explodes, forming the arc which then propogates down the rails until the pulse forming network ceases current supply.
dimensions. A Phantom V5 camera was mounted above the RailPAc prototype to capture the transit event from above. Two Phantom Miro M-310 cameras were mounted on the anode side and muzzle side to capture the side view and frontal view of the arc, respectively. The Miro M-310 series cameras have higher sensitivity CCD arrays than the V5, with an ISO of 3900 in the Miro M-310 compared to an ISO of 600 in the V5, so a thin Mylar film (10 mil) was used as a filter for the two Miro cameras. Table 1 lists the frame rates, resolutions, and filters used in the high-speed imaging. All lenses used an F-stop of 22 for all acquisitions. Differences in frame rate between the two M-310 cameras are due to the relative size of each camera's target which called for different resolutions. The phantom V5 has a lower maximum framerate than the M-310.
Spectroscopy
An Ocean Optics HR2000 + spectrometer was used to measure temperature and species composition of the arc. The spectrometer has a resolution of 0.065 nm with responsive range of 200-1100 nm. However, the tungsten calibration source used to calibrate the spectrometer and the fiber optic cable used in the light collection system reduced the reliable spectral response to a range of about 400-900 nm. A collimating tube was used to limit the spectrometer field of view. This tube has a small viewing port on each end that limits the viewing angle (hard angle) of the spectrometer to 1.1°. The spectrometer was connected to the collimating tube with a 400 μm fiber-optic cable. Measurements were taken from approximately 15 cm away from the RailPAc surface at a 45° angle up from the plane of the rails, resulting in an elliptical field of view with a minor axis length ~1.5 mm and a major axis length ~2.0 mm. This small field of view provides a simple means of resolving the behavior of the arc in time and space as it transits along the rails. The collimating tube was moved down the rails in increments of 1.3 cm to track changes in the arc's behavior during its transit down the rail. Data was taken at each increment by integrating all incident light on the spectrometer for 10 ms after initiation of the arc. As a result, the absolute intensity of light emitted by the arc cannot be determined.
Several techniques were used to analyze the accumulated spectral data. Analysis of measured data and comparison with values for known strong emission lines from NIST [15] and Camacho's analysis of nitrogen plasmas [16] allowed determination of species present in the arc. By integrating the area under emission lines of one species and comparing them with the integrated area under lines of another species, the evolution of species ratios as the arc propagates along the rails can be estimated, provided that temperature does not vary significantly between measurements. Temperature was measured by assuming that the majority of light emitted by the arc comes from the core of the plasma column, which is assumed to be in local thermodynamic equilibrium (LTE) and that self-absorption by the plasma column is negligible. The condition of LTE implies that
where n i is the density of a state, n is total density of the species, g i is the degeneracy of the state, Z is the partition function of the system, T is the temperature, E i is the energy of the state, and k B is Boltzmann's constant. The absolute emission intensity per unit solid angle I ij of a spectral line resulting from transition from state i to state j is given by
where, V is the volume from which light is emitted, A ij is the Einstein emission coefficient for the spectral line, and hv ij is the energy of the photon. Rearranging equations (1) and (2), one can obtain the relation
Since all of the quantities in the first term on the righthand side are constant for a given spectra, the slope of the line created by the quantity on the left-hand side plotted relative to the energy of the upper state of the emitting species, E i , gives the temperature. This method is typically referred to as the 'Boltzmann plot approach' to determining temperature [17] . Since Boltzmann plots only allow as many data points for each measurement as there are spectral lines with well-known emission parameters, this technique was further refined by normalizing the left-hand side of equation (3) to zero for one of the spectral lines and only looking at the relative position of the other lines in the Boltzmann plot space to calculate the regression line that yields the temperature. This allowed for the inclusion of data from several runs in the same Boltzmann plot, drastically increasing the accuracy of the temperature measurements.
Results and discussion
Electrical characteristics of the arc are discussed first. Electrical data was taken for ~100 firings and data froms each of these was synthesized to find consistent trends in the highly non-repeatable process of the gliding arc. Data from a single representative firing which displays many of the consistently observed characteristics of a RailPAc firing is presented in figure 3 . The capacitor bank was charged to an initial voltage of 250 V, which corresponds to a stored energy of 656 J. 
E discharge was found to be ~350 J of the 580 J delivered to the whole circuit. The overall discharge time was found to be ~19 ms, which is significantly longer than the 5 ms halfcycle time of the pulse forming network. The current waveform in figure 3 (a) also indicates that the discharge follows the response of a typical RLC circuit until 3 ms, when a discontinuity in the current slope and breech voltage occurs. These discontinuities at t ~ 3 ms and t ~ 8.5 ms prolong the discharge time by decreasing the rate of decay of the current draw. Previous studies have shown that such rapid drops in voltage correspond to jumps in the anode arc root location and associated erosion of the anode material [7, 10] . Both claims have been confirmed here by correlating the anode erosion damage locations on the rails with the locations of anode root anchoring in the high-speed images. The behavior of the transient arc can be observed from the high-speed images in figure 4 , which show the motion of the luminous arc along the rails. The intensity of the arc is strongest near the arc roots and less bright at points in the arc further away from the surface. The arc column appears as a luminescent cloud that diffuses throughout the current-path of the arc. Unfortunately, it is difficult to distinguish the part of this luminous cloud that is current-carrying ionized plasma from the part that is strongly radiating non-ionized gas. Parker [3] has shown that in railgun applications a significant portion of the luminous cloud is non-ionized or weakly-ionized and does not carry significant current across the electrodes. Imaging of the luminous cloud is therefore not a definite measure of the location of the current-carrying arc, so the location of the cloud can only be used as a bound for the outer edge of the arc column.
The arc column height, h, arc root positions, x, and propagation velocity, u, were interpreted from the high-speed images shown in figure 4 . These results are shown in figure 3(b) and (c). Due to the discontinuous jumps in the anode root motion, the cathode root motion was used to approximate the propagation velocity of the arc. Closer analysis reveals that several of the observed arc characteristics are consistent with the measured current, particularly the acceleration of the arc which shares its peak with the maximum current of the discharge. This is an expected result given that the Lorentz force is proportional to the square of the current. The local arc velocity, which depends on the arc acceleration, is also (indirectly) affected by the arc's current.
The arc height and the breech voltage of the arc are also related to one another. The maximum height of the discharge increases as the voltage increases and then begins to fall immediately after the first drop in breech voltage shown in figures 3(a) and (b) at around 3 ms.
The arc's transit may be classified into three stages based on the geometric and electrical properties of the arc. The initiation stage corresponds to the ignition of the arc at the time of the trigger and the transit duration around 1 ms after the trigger. It can be characterized by the acceleration of a coherent arc column. In this stage, the breech voltage initially spikes and then remains relatively steady or increases marginally (by no more than ~20 V), while the current rapidly increases. The main transit stage is marked by a smooth transit of the cathode root and discontinuous jumps of the anode root. The jumps cause fluctuations in the breech voltage and current throughout the main transit stage. The end of the transit shows quenching of the arc, as evidenced by reduction in arc intensity and current.
Initiation stage
The breech voltage in figure 3 (a) contains a large initial peak at t ~ 0.1 ms corresponding to the vaporization of the initiation wire. After this peak, the breech voltage drops to ~80 V and then gradually increases during the initiation stage. The images in figure 4 show the formation of a single coherent arc column between the electrodes at t ~ 0.2 ms. This arc column immediately experiences a large acceleration along the rails due to the Lorentz force. During the initial transit, the anode and cathode arc roots propagate as a single column. The initiation stage is specifically defined by the period where the roots form and then propagate together in this concerted fashion. This concerted propagation can be seen in the image at t ~ 1.4 ms in figure 4 . The arc column grows in height ( figure 3(b) ) with increasing arc current and forms an arch-like shape above the surface.
The deflection of the arc away from the surface, evident in figure 4, can be explained by geometric factors and the consequent electromagnetic forces. Figure 5 presents a schematic of the arc structure and the forces acting on the arc for a symmetric case where there is no insulating surface between the electrodes, as well as for a case like RailPAc with an insulating surface and flush-mounted electrodes. The presence of the insulating surface creates an initial distortion of the arc column into the open air, but this distortion is immediately magnified by the same self-blowing effect that pushes the arc down the rails. When the arc is in plane with all current localized between the electrodes, the only force on the arc is the forward Lorentz force in the same direction as the electrode length. However, if the arc is displaced such that some current comes out of plane, the magnetic field in the area of the plasma develops a component which points towards the breech. The arc current then interacts with this field, resulting in an expansion of the arc upward and outward. Due to the field enhancement at the edges of the rail electrodes, the arc roots are not always noticeably affected by this force. However, the plasma column always rises upward as the current reaches peak values and enters into the main transit stage. It is likely that this effect is aided by the gas expansion effects described in [4, 12] , and [14] . The arc heats the gas around it, causing the gas to expand and push the arc away from the surface.
Main transit stage
The main transit stage begins after about 2 ms as shown in figure 4 . The arc current reaches a peak value of 1.3 kA at around 2 ms and the arc velocity reaches a peak value of ~50 m s −1 during the later part of the transit at around 5 ms. The single coherent arc observed in the initiation stage is transformed to a diffuse column between the electrodes. This column cannot be observed at all instances because of the surrounding luminous cloud, however, the cathode and anode arc roots regions are clearly visible throughout the transit.
The discharge columns extends away from the surface until the first sharp drop in breech voltage at around 3 ms, after which point the columns begin to decrease in height. As shown in figure 3(b) , the cloud extends almost 7 cm away from the surface at its peak height. This suggests that a large region of surrounding quiescent air is affected by the arc transit, i.e. the flow actuation effect can extend several centimeters away from the surface (a desirable feature for surface plasma actuators). The height of the arc above each electrode is independently estimated by finding the cloud height at the respective locations of the arc roots. It can be seen in figure 4(d) that the anode side of the arc column has higher intensity and height than the cathode side of the arc column.
During the main transit stage, the cathode root moves smoothly along the cathode, while the anode root periodically anchors on the anode surface and then jumps forward to catch up to the cathode root. The motion of the anode root is punctuated by the formation of a new anode root directly across from the cathode root whenever the distance between the arc roots is increased. Indeed, the arc column splits to allow the existence of two anode roots to appear simultaneously with the 2 μs exposure time of the camera used. As the new anode root forms, the original anode root is extinguished. The time and location of this process is not consistent from one firing to another. However, the arc current and breech voltage measurements show consistent trends with regards to the formation and destruction of the anode roots.
The anode root jump occurs consistently after the peak arc current during the decreasing phase of the current. Before the jump, the distance between the anode and cathode roots increases because the anode root is anchored to the electrode while the cathode root continues to move forward smoothly. As the roots move further apart the arc must necessarily lengthen, which increases the electrical resistance of the arc. This increase in the arc's electrical resistance works to decrease the current passing through the circuit, however, the circuit's inductance minimizes this change in current by generating an inductive EMF to match the rise in resistance. This electromotive force from the circuit inductance serves to directly maintain the arc current at constant values on timescales less than the natural frequency of the RLC circuit. The arc on the left is allowed to stay between the electrodes and thus has no force component in the vertical direction. The arc on the right has been forced out of the plane by the surface between the rails. In this case, the arc induces its own magnetic field, B arc , parallel to the rails and orthogonal to the field induced by the current passing through the rails. This causes a Lorentz force on the arc perpendicular to the surface, pushing it upward and outward.
As a result, the breech voltage rises proportionally to the arc resistance. As the breech voltage ramps up to its threshold value, which varies from shot to shot, the anode root jumps to a new location closer to the cathode root. Following the jump, the breech voltage drops to a lower value and is nearly steady for the remainder of the discharge. Figure 6 shows the breech voltage drop as a function of the anode arc root jump distance, over a number of firings. A clear correlation is found with the breech voltage drop increasing nearly linearly as the anode root jump distance increases. This drop in voltage is a direct consequence of a decrease in the arc resistance each time the anode root jumps. The scatter in the data is attributed to the fact that the current path distance is not neccesarily a straight line through the arc roots. As a result of the breech voltage drop, the current slope suddenly changes from negative to zero at the jump. The arc column height also drops and then re-expands upward after the jump, as shown in figure 3(b) .
Arc anchoring and subsequent movement in the RailPAc seems to be analogous to models for arc movement in low voltage circuit breakers described above [4, 8] . On the cathode, the root moves by a multitude of very small jumps, which are often not discernible by camera but do seem to occur as evidenced by the small closely-spaced spots of arc damage on the cathode rail surface. While the cathode moves forward smoothly, the anode anchors for long periods of time as described in [10] . This stretches the arc column down the surface of the RailPAc and populates the area downstream from the anchored anode root with excited/ionized gas. It is believed that this gas facilitates the new arc root. Meanwhile, the increase in arc resistance due to the increasing arc length makes the current path prefer a shorter, less resistive path between the roots.
At some threshold condition, due to a combination of the effects listed above, the anode jump occurs. All of the current immediately begins passing through the new anode root, which is closer to the cathode root and allows a less resistive path. The old anode root ceases to exist as described by Haug [19] . The model described above explains the drop in height seen when the anode root makes its jump, since a lower arc column is a shorter current-path.
Anode jumping behavior does not seem to be a strong function of current in the regimes studies here, as compared to transit velocity which does scale with current as shown in [18] . However, given that the jumping behavior is not observed in the high current regimes used by railguns it may be that it is a weak function of current.
Quenching stage
The quenching stage begins when the discharge current has dropped to a sufficient small value. For low currents the Lorentz forcing is weak and the arc column ceases motion. This stage begins after 6 ms in figures 3 and in 4(e). A continuous reduction in luminosity and column height is seen during this stage. Although the root positions are fixed, the column tilts towards the muzzle end of the rails as the top of the column continues to be pushed by the weak Lorentz force. However, the roots are sufficiently anchored to resist movement. While the breech voltage is constant, the current decays to zero and the arc resistance increases until the plasma arc is completely extinguished.
In some cases, the anode root jumps once more during the quenching stage. However, the arc formation-destruction process at this stage is different from the one observed in the main transit stage. First, the cathode root does not exhibit motion before the anode jump. Second, the breech voltage does not increase prior to the jump because the arc roots are fixed and the jump occurs at a lower threshold voltage. It is clear from the comparison between the two transit stages that the increase in breech voltage is related to the increase in the relative distance between the arc roots. It appears that the reduction in current in this stage increases the time needed to reach the critical number density of charged species compared to the main transit stage.
Rail damage
Images of the rail electrodes after a single firing and after five firings are shown in figure 7 . The arc causes substantial damage to the surface of the electrodes, concentrated around the edges of the electrodes and most intensely on the anode side. Damage on the electrodes is concentrated around the initiation region for the first few firings, but subsequent firings extend the damage towards the muzzle end. The severity of damage also increases with the number of firings.
A closer observation of the rails reveals two types of surface damage. While the cathode side is characterized by a continuous track of dark residue along the transit direction, the anode side is punctuated by anode root anchoring pits of varying shapes and sizes. Surrounding these pits are marks of copper residue left on the ceramic surface, which extend away from the rails towards the opposite electrode. The formation of anode erosion pits correspond to the anchorage of the anode roots at these positions along the rails. Copper residue is also deposited on the ceramic surface of the cathode side, however, the damage is smaller and the residue does not extend as far as the anode side. The difference is a consequence of the dwell time of the respective arc roots at any given location on the electrodes. A longer dwell time (in the case of the anode root) at a given location results in large energy transfer to the eletrodes an consequently greater erosion damage. Similar observations were made by Teste et al [10] in their study of arc root motion over anode and cathode surfaces.
While some quantities remain the same, there are considerable variations in arc transit characteristics from one RailPAc firing to another, and the exact characteristics of the arc transit are never fully repeatable. The peak current and peak resistance of the arc are nearly constant from one shot to the next, however, most other quantities vary considerably. The maximum velocity as well as the distance traveled by the arc before quenching are variable. The time it takes for the arc to cease discharging is also variable, as is the number of jumps that the anode root makes. Interestingly, despite the expectation that the anode spot damage locations should act as field enhancement points which may make them attractive arc root anchoring points, the number and location of jumps made seems to have no correlation with pre-existing rail damage.
The arc transit duration is found to correlate well with the energy discharged by the capacitor. Figure 8 plots the arcing duration as a function of the energy discharged by the capacitor, ΔE, normalized by the initial capacitor energy (E 0 ). The minimum sustain voltage drop of the arc is relatively constant since it is largely based on the spacing of the rails. The capacitor bank can only continue to drive the arc if the bank is at a higher voltage than the minimum sustain voltage drop, so once the bank voltage drops below the sustain voltage of the arc, the arc will quench. Observation of the current and capacitor voltage waveform in figure 3 (a) and of the pulse generator layout suggests that the circuit behaves like an overdamped RLC circuit. The capacitor bank energy in an ideal RLC circuit should decay exponentially as shown below,
The RailPAc experimental data in figure 8 shows that the capacitor bank energy decay follows the above ideal relationship.
Spectroscopy
Spectroscopy measurements allow for the determination of the species present in the arc during its transit. Species detected include atomic oxygen, atomic nitrogen, molecular nitrogen, atomic hydrogen, and atomic copper. Oxygen and nitrogen species are entrained directly from the surrounding air, while the presence of hydrogen is explained by breakdown of atmospheric water. Copper appears because it is present in the exploding initiation wire and is eroded from the copper rail electrodes. Oxygen, hydrogen, and copper are all strong emitters but hydrogen has only two strong lines in the region analyzed, making it a poor candidate for spectral analysis. Most of our spectral analysis thus concentrates on only oxygen and copper species. While the exact ratio of all of the species could not be determined from simple spectral data, relative increases and decreases in the ratio of species in the arc can be estimated. This is done by comparing the total emission in the region of interest for different species at multiple points in the transit. Values were computed for the strongest emitters, oxygen and copper, and are shown in figure 9 . The results suggest that there is a relatively high amount of copper present at the initiation (due to the exploding wire), and then oxygen is entrained into the arc in the first couple of centimeters of transit while 
copper vapor from the exploding wire condenses on the railpac surface, which corresponds roughly to the initiation phase described previously. Most of the main transit is captured and shows a steady increase in copper relative to oxygen due to erosion of copper from the electrodes. The quench phase is not bright enough for analysis with the current setup and would require more complex analysis, since the arc is not expected to be at LTE. Temperature estimates were obtained using the normalized Boltzmann plot method described earlier and are shown graphically in figure 10 . Estimates of temperature were made using copper and oxygen. Measurements at the arc initiation (x/L = 0) for oxygen are not reliable because the system is likely not at LTE conditions during this time and the high density of copper vapor at this stage increase the likelihood of self-absorption of photons by the plasma column. This is also evident in figure 9 , which shows that the timescales for entraining oxygen into the arc and removing the initial deposit of copper from the fuse wire are non-negligible compared to the timescales associated with the arc transit. Arc temperature appears nearly constant at about 10 000 K through the first two stages of the transit.
While self-absorption of copper is possible and could lead to incorrect estimates of temperature, self-absorption of oxygen to generate a consistent change in temperature such that both elements create an equal systematic error in the temperature estimate is extremely unlikely. Since both copper and oxygen measurements show approximately the same temperature through the arc's transition the most logical conclusion is that self-absorption is negligible for both species for most points in the main transit of the arc with the exception of the initiation where the calculated temperatures of the two species do not match. The error bars in figure 10 are given by the standard deviation of normalized Boltzmann plotting method used. The low value of these error bars suggests that the RailPAc's temperature is a reproducible phenomenon since the method takes into account multiple firings. As with species concentration, no measurements were taken further down the rails because emission of the arc past this point suggests that the arc is not at LTE during the quench phase.
One might expect the variation in concentration of copper in the arc to have an effect on the temperature of the arc as discussed in [20] . However, since the methods used in that work could not resolve temperature changes through the arc and only captured an average temperature for the whole arc column, a variation in temperature of the level described in [20] would be smaller than the error bounds for the temperature measurements shown in figure 10 . Our results show that the arc temperature remains relatively constant throughout the duration of the transient with very little sensitivity to the arc current. Other work in the literature corroborate our observation that for arc currents above ~200 A the arc temperature is only a relatively weak function of current [21] [22] [23] , and [24] .
Conclusion
The propagating arc of the RailPAc device was characterized with high-speed imaging, electrical measurements, and spectroscopy measurements. Three distinct stages of transit were observed. The initiation stage shows the formation and acceleration of a compact and coherent arc column. The arc column breaks into distinct bright anode and cathode columns connected by a less luminescent gas as the arc enters the main transit stage. The anode roots jump along the electrode during this stage, while the cathode roots move smoothly. These modes of transit result in a variety of repeatable fluctuations in current and breech voltage. In the quenching stage, the arc dissipates as the breech voltage drops below the minimum sustain voltage for the rail geometry.
The expansion of the arc column above the surface is a result of the combined effects of thermal expansion and induced magnetic fields on the columns. The differences in the characteristics of the anode root's motion in comparison to those of the cathode root were proven to result in more severe deformation of the anode electrode.
The RailPAc arc was found to have a temperature of ~10 000 K and variations in the relative concentrations of copper and oxygen species were detected. The high temperature of the arc and increasing content of copper species in the arc corroborate the ablation effects visible on the rail.
